The human adenovirus (Ad) genome is expressed in a temporally regulated manner beginning with expression of the immediate-early genes in the ElA transcription unit (for a review, see reference 16 ). The ElA 289R protein then transactivates the delayed-early transcription units, ElB, E2, E3, E4, and LI (early). These ca. 28 early proteins carry out a variety of functions that prepare the cell for the efficient synthesis of viral DNA and proteins. Viral DNA replication begins at about 7 h postinfection (p.i.), and then the infection moves into the late stage; late genes encode mainly virion structural proteins.
One of the events which occurs early after infection is the down-regulation of the epidermal growth factor receptor (EGF-R) (11) . EGF-R is a transmembrane glycoprotein localized in the plasma membrane, and it is a member of the protein tyrosine kinase class of membrane receptors (for reviews, see references 39 and 46) . EGF is a polypeptide growth factor. Binding of EGF to the extracellular ligand binding domain stimulates the intrinsic protein tyrosine kinase activity of EGF-R which is located in the cytoplasmic portion of EGF-R; this results in autophosphorylation of EGF-R on Tyr residues as well as Tyr phosphorylation of a variety of cellular proteins. The EGF/EGF-R complex clusters in clathrin-coated pits which are internalized into endosomes, and the complex is transported to lysosomes, where it is degraded. This process results in EGF signal transduction which in general activates cellular metabolism and eventually induces DNA synthesis and mitosis. The protein tyrosine kinase activity of EGF-R is essential for EGF signal transduction.
Ad infection mimics many aspects of EGF-mediated (nt) +1 is the transcription initiation site. rec700 is an Ad5-Ad2-Ad5 recombinant that has Ad2 sequences from nt -236 to 2437 in the E3 transcription unit. In rec700, numbers for the Ad2 E3 transcription unit are used from nt 1 to 2437, and numbers for the Ad5 E3 transcription unit are used downstream of nt 2437 (14) . Ad2 nt 2437 is equivalent to Ad5 nt 2482. Bars at the bottom indicate the deletions in d748 and d1764. The triangle indicates the 140-bp insertion in in724 between nt 2160 and 2161 (4) . The large dot indicates the three point mutations in pm760 at nt 2163, 2164, and 2166.
noprecipitates with the 14.5K protein, strongly suggesting that the two proteins exist as a complex and consistent with the proposal that they function in concert.
MATERIALS AND METHODS
Cells and viruses. Viruses were prepared in suspension cultures of human KB cells and titers were determined on human A549 cells as described previously (17) . A549 cells were maintained in Dulbecco's modified Eagle medium with 10% fetal calf serum.
HS/2rec700 is an adenovirus type S (AdS)-Ad2-AdS recombinant whose genome consists of the AdS EcoRI A (map position 0 to 76), Ad2 EcoRI D (76 to 83), and AdS EcoRI C (83 to 100) fragments (45) . rec700 is the parental virus for the mutants used in this study (Fig. 1 ). Mutantsdl748 (3), in724, pm760 (4), and d1764 (37) have been described previously. hemocyanin (Calbiochem-Behring) on an equal-weight basis by using m-maleimidobenzoyl-N-hydroxysuccinimide ester as described by the manufacturer (Pierce Chemical Co., Rockford, Ill.). Rabbits were immunized with the peptide conjugate as described previously (37) .
RESULTS
The E3 10.4K and E3 14.5K proteins are both required for endosome-mediated internalization and degradation of EGF-R in Ad-infected cells. Cell surface EGF-R begins to decline in abundance by about 4 h p.i. of KB cells by group C Ads, and the receptor is undetectable by about 8 h p.i. (11) . Figure 2 shows the status of EGF-R in uninfected KB down-regulation of EGF-R. However, in a mixed infection with d1748 and d1764, EGF-R was nearly completely downregulated (Fig. 2) ; this indicates that the mutants complement each other and that both the 10.4K and 14.5K proteins are required to down-regulate EGF-R under these conditions.
If cell surface EGF-R has been internalized in response to the Ad proteins, then it should be unavailable for cell surface iodination. Accordingly, KB cells were either mock infected or infected with various mutants, and at 10 h p.i., the cell surface proteins were labeled with 125J by using lactoperoxidase. EGF-R was immunoprecipitated and analyzed by SDS-PAGE. 125I-labeled EGF-R was obtained from mockinfected cells (Fig. 3A, lane a) but not from rec700-infected cells (lane b). This is similar to earlier results (11) . The 125I-labeled EGF-R band was observed with d1748 (Fig. 3 cpm, respectively, of 125I-EGF, whereas cells infected with rec700 or d1748 plus dl764 bound 1,890 and 1,800 cpm, respectively, of 125I-EGF (Fig. 4) . These results are consistent with those in Fig. 2 and 3 and indicate that both the 10.4K and 14.5K proteins are required for internalization of cell surface EGF-R.
When cells are treated with EGF, the EGF-EGF-R complex is internalized via endosomes. This also appears to be true in Ad-infected cells, and the 10.4K protein is required for this process (11) . To address whether both the 10.4K and 14.5K proteins are required, A549 cells were mock infected, treated with EGF, or infected with mutant viruses and analyzed by immunofluorescence by using an antipeptide antiserum to EGF-R. A striking punctate staining pattern was observed in cells treated with EGF (Fig. SB) but not in untreated cells (Fig. SA) . The small bright dots within the cells are endosomes containing EGF-R (1, 11 (Fig. 7, lane a) K proteins appear to mimic EGF in this which is expected because the gene is deleted in d1748.
To prove that the two bands being coimmunoprecipitated internalization and degradation of EGF-R.
with the 14.5K protein are in fact the 10.4K protein, unla-2 through 5 strongly indicate that EGF-R is beled protein extracts from dn48-, pm760-, or d1764-infected n Ad-infected cells. To address this point cells were immunoprecipitated by using the P118-132 antisepulse-chase experiment was carried out. rum to the 14.5K protein; then the immunoprecipitates were r mutant-infected cells were metabolically electrophoresed on SDS-PAGE gels, electroblotted onto an n35S-label (-70% [35S]Met) from 7 to 11 h Immobilon membrane, and probed with either the P118-132 ,hased for 3 h in excess unlabeled Met.
antiserum to the 14.5K protein or the P77-91 antiserum to the EGF-R was immunoprecipitated and ana-10.4K protein. As expected, the 14.5K protein was detected AGE. Two bands, of 170K and 160K, were in d1748- (Fig. 8A, lane a) and pm760-(lane b) but not d1764-iock-infected cells (Fig. 6, lane a) . The 160K (lane c) infected cells. The 10.4K protein was detected in ,nthetic precursor, whereas the 170K band is pm760- (Fig. 8B, lane b) but not in d1748-(lane a) or d1764-lated and phosphorylated form found on the (lane c) infected cells; this is the anticipated result because ), 27). The 170K band was much more d1748 does not make the 10.4K protein, pm760 makes both -xperiment in Fig. 6, lane a, The data in Fig. 7 and 8 strongly suggest that the 10.4K i indicates that Ad infection has no effect on and 14.5K proteins exist as a complex in vivo. Roughly sis of EGF-R. These results and conclusions equivalent amounts of both proteins were coimmunoprecip-,e with previous data (11 shown in Fig. 7 , lanes a through d, were carried out in a stringent coimmunoprecipitation buffer containing 0.15 M NaCl-1% NP-40-0.5% sodium deoxycholate-0.1% SDS, and the immunoprecipitates were washed seven times in buffer containing 0.5 M NaCl-0.5% NP-40-1% sodium deoxychorlate.
We have reported that the 10.4K protein is translated from E3 mRNAf (37) and that much or most of the 14.5K protein that is made in cells is also translated from mRNA f (36). These conclusions were based, among other considerations, on the observation that virus mutants that overproduce mRNA f also overproduce the 10.4K and 14.5K proteins. (Fig. 7, lane e) . Thus, the 10.4K and 14.5K proteins need not be translated from the same mRNA molecule for the putative complex to form.
The 10.4K and 14.5K proteins are both membrane proteins, probably transmembrane proteins because they have hydrophobic domains of >20 amino acids (21a, 36, 37) . This raises the question of whether the proteins must be embedded in membranes in order for the complex to form. To address this, cells were infected with dl748 or d1764, and the proteins were labeled with [35S]Cys, extracted into coimmunoprecipitation buffer, mixed in vitro, and analyzed by immunoprecipitation with the 10.4K-and 14.5K-protein antisera. Once again, both the 14.5K and 10.4K proteins were observed with the 14.5K-protein antiserum (Fig. 7, lane 0 Therefore, detergent-solubilized 10.4K and 14.5K proteins are able to form a complex in vitro.
The immunoprecipitations in Fig. 7 and 8 were done with the P118-132 antiserum specific to residues 118 to 132 at the extreme C terminus of the 14.5K protein (see also Fig. 9,  lane d) . The 10.4K protein was also coimmunoprecipitated when antisera to a TrpE-14.5K fusion protein were used (Fig. 9, lanes a and b) or when the P19-34 antiserum, specific to residues 19 to 34 in the 14.5K protein, was used (lane c). (In lanes a and b, with preimmune sera (37) , antisera to the E3 6.7K protein (42) , or antisera to the E3-coded 14.7K or gpl9K proteins (unpublished results) has never been observed. Therefore, coimmunoprecipitation of the 10.4K protein is specific to 14.5K-protein antisera, and it is not the result of nonspecific association of the 10.4K protein with immunoglobulin G or protein A.
DISCUSSION
We have shown by using Ad mutants that the E3 10.4K and E3 14.5K proteins are both required to down-regulate EGF-R in Ad-infected human cells. Down-regulation in this context means that cell surface EGF-R was internalized in an endosome-mediated pathway and degraded, presumably in lysosomes. EGF-R was not down-regulated when cells were infected with mutants that lack either the 10.4K or the 14.5K protein, but it was down-regulated when cells were coinfected with dM48 (10.4K-, 14.5K+) and d1764 (10.4K+, 14 .5K-). Down-regulation was demonstrated by results of several different methods, namely (i) the absence of EGF-R autophosphorylation in an immune complex kinase assay, (ii) the inability to iodinate EGF-R on the cell surface, (iii) the lack of binding of '25I-labeled EGF, (iv) the formation of endosomes containing EGF-R as detected by immunofluorescence, and (v) the degradation of the [35S]Met-labeled fully processed 170K species of EGF-R in a pulse-chase experiment. No effect on the 160K immature species of EGF-R was observed, suggesting that 10.4K and 14.5K proteins do not affect the initial synthesis of EGF-R.
We have also presented strong evidence that 10. (14) and as demonstrated experimentally (21a, 37) . We Fig. 7 ; see also reference 36).
Hoffman et al. (18) showed that the 10.4K protein expressed from the DOL murine retrovirus vector could downregulate EGF-R in two acutely infected murine cell lines expressing the human EGF-R. The authors analyzed EGF-R down-regulation by using the immune complex kinase assay, the EGF binding assay, and the immunofluorescence assay for endosomes containing EGF-R. They also detected a 75% reduction in EGF binding in the psi-cre packaging cell line for the DOL 10.4K-protein retrovirus vector. These studies indicated that the 10.4K protein could act in the absence of other Ad proteins to down-regulate EGF-R under the conditions used (18) . In the studies reported here using Adinfected cells, however, we observed an absolute requirement for both the 10.4K and 14.5K proteins to down-regulate EGF-R. This was true at both early (7 to 11 h) and late (24 (29) , and myxomavirus (40) . These proteins are related in sequence to EGF and transforming growth factor alpha (TGF-a). Like EGF and TGF-a, VGF (12) and presumably the other poxvirus VGF-like proteins are derived from larger precursors and are secreted from the cell. VGF mimics EGF and TGF-a by binding to the extracellular domain of EGF-R and inducing at least some aspects of EGF signal transduction, including activation of the protein tyrosine kinase activity of EGF-R, stimulation of DNA synthesis in quiescent human fibroblasts, and colony formation in soft agar (21, 35, 38 (26) . E5 has also been reported to exert a similar effect on the receptor for colonystimulating factor type 1, which, like EGF-R, is a member of the protein tyrosine kinase class of receptors (26) . The (11) . In this respect, the 10.4K and 14.5K proteins may synergize with the region ElA-coded 243R protein which stimulates DNA synthesis in quiescent cells (30, 31) . If this is the role of the 10.4K and 14.5K proteins, then we would not expect them to be absolutely essential for virus replication in vivo, and indeed, deletion of these genes does not preclude Ad multiplication in the lungs of hamsters (28) or cotton rats (15) . The VGF gene also is not essential, although VGF-negative mutants exhibit decreased virulence (6) .
It is also possible that the 10.4K and 14.5K proteins exert a negative effect on the activities of EGF-R (11) . Activated macrophages secrete TGF-a, which is thought to be important in wound repair (25, 32) ; by removing EGF-R from the cell surface, the 10.4K and 14.5K proteins could preclude any antiviral effects that TGF-a may have.
Further studies on the 10.4K and 14.5K proteins, in particular to determine whether they activate the protein tyrosine kinase activity of EGF-R and whether they influence any other cell surface receptors, will be of great interest.
